Target cell-specific differences in short-term plasticity have been attributed to differences in the initial release probability of synapses. Using GIN (GFP-expressing inhibitory neurons) transgenic mice that express enhanced green fluorescent protein (EGFP) in a subset of interneurons containing somatostatin, we show that Schaffer collateral synapses onto the EGFP-expressing somatostatin interneurons in CA1 have very large short-term facilitation, even larger facilitation than onto pyramidal cells, in contrast to the majority of interneurons that have little or no facilitation. Using a combination of electrophysiological recordings and mathematical modeling, we show that the large short-term facilitation is caused both by a very low initial release probability and by synaptic activation of presynaptic kainate receptors that increase release probability on subsequent stimuli. Thus, we have discovered a novel mechanism for target cell-specific short-term plasticity at Schaffer collateral synapses in which the activation of presynaptic kainate receptors by synaptically released glutamate contributes to large short-term facilitation, enabling selective enhancement of the inputs to a subset of interneurons.
Introduction
Excitatory axons show target cell-specific short-term plasticity, both in the neocortex (Thomson, 1997; Markram et al., 1998; Reyes et al., 1998; Rozov et al., 2001; Koester and Johnston, 2005) and in hippocampus (Ali et al., 1998; Scanziani et al., 1998; Toth et al., 2000; Losonczy et al., 2002; Sun et al., 2005) . Proposed mechanisms underlying this include differences in the initial vesicular release probability (Rozov et al., 2001; Sun et al., 2005) and the initial readily releasable vesicle pool size (Sun et al., 2005) , resulting in differences in the initial synaptic release probability (Rozov et al., 2001; Koester and Johnston, 2005; Sun et al., 2005) .
Excitatory synapses onto GABAergic interneurons are also heterogeneous both in the cortex (e.g., Rozov et al., 2001 ) and in hippocampus (e.g., Sun et al., 2005) . In the hippocampus, shortterm plasticity of Schaffer collateral synapses does not correlate with interneuron morphology (Sun et al., 2005) , in contrast to interneurons in cortex (Reyes et al., 1998; Rozov et al., 2001; Koester and Johnston, 2005) . Hippocampal interneurons have instead been proposed to form functional subgroups identifiable by their neurochemical content such as neuropeptides and calcium binding proteins (Freund and Buzsaki, 1996) . We predict that these different functional subgroups of interneurons will have differences in the short-term plasticity of their synaptic inputs. However, evidence linking short-term plasticity of Schaffer collateral synapses to the neurochemical content of hippocampal interneurons is lacking.
Here, we investigate short-term plasticity of Schaffer collateral synapses using the GFP-expressing inhibitory neurons (GIN) line of transgenic mice that express enhanced green fluorescent protein (EGFP) in a subset of interneurons containing the neuropeptide somatostatin (SOM) (Oliva et al., 2000) . Because it can be difficult to assess the neurochemical content of cells after prolonged whole-cell recordings, this enables us to investigate the properties of a specific subset of interneurons easily identifiable by their expression of EGFP. Because previous immunohistochemical characterization has shown that not all somatostatin interneurons in GIN mice express EGFP (Oliva et al., 2000) (the EGFP interneurons are a subset of somatostatin interneurons), we refer to them here as EGFP-expressing SOM interneurons.
We have previously shown that Schaffer collateral synapses onto stratum (s.) radiatum interneurons in hippocampal slices from rats are heterogeneous, having either small paired-pulse facilitation or paired-pulse depression (Sun et al., 2005) . In the GIN mice, we find that Schaffer collateral synapses onto all EGFP-expressing SOM interneurons in s. radiatum are alike in showing large short-term facilitation, even larger than facilitation of Schaffer collateral synapses onto CA1 pyramidal cells. In contrast, Schaffer collateral synapses onto the majority of interneu-rons show minimal facilitation or short-term depression. The large facilitation is attributable in part to a low initial release probability and in part to the synaptic activation of kainate receptors that act presynaptically to increase the release probability on subsequent pulses. Thus, we have discovered a novel mechanism for target cell-specific short-term plasticity in which the activation of presynaptic kainate receptors by synaptically released glutamate contributes to extremely large short-term facilitation, enabling selective enhancement of the inputs to a subset of interneurons.
Materials and Methods
Slice preparation. Male GIN transgenic mice (10 -15 d old) that express EGFP in a subset of interneurons containing somatostatin (Oliva et al., 2000) were anesthetized with halothane (4%) and decapitated, and their brains were removed rapidly. Coronal slices of the brain, 400 m thick, were cut using an oscillating tissue slicer (EMS-4000; Electron Microscopy Sciences, Fort Washington, PA) or a vibrating microtome (VT1000S; Leica, Bannockburn, IL). Slicing and dissection of the hippocampi were done in ice-cold (1-3°C) dissecting solution containing the following (in mM): 120 NaCl, 3.5 KCl, 0.7 CaCl 2 , 4.0 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, bubbled with 95% O 2 /5% CO 2 , pH 7.35-7.45. Slices were stored at room temperature in a holding chamber containing the dissecting solution and bubbled with 95% O 2 /5% CO 2 for Ͼ0.5 h before recording.
Electrophysiology. During the experiment, slices were held in a submersion recording chamber perfused with external recording solution composed of the following (in mM): 120 NaCl, 3.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose. The solution was bubbled with 95% O 2 /5% CO 2 , pH 7. 35-7.45 . Picrotoxin (100 M) was added to the external solution to block inhibitory synaptic responses mediated by GABA A receptors; the CA3 region of hippocampus was removed to prevent recurrent excitation. Except for experiments measuring NMDA receptor mediated EPSCs (see Figs. 2, 4G-I, 5A-C), the solution also contained 100 M D-2-amino-5-phosphonopentanoic acid (APV) to block NMDA receptor-mediated currents and prevent postsynaptic shortterm plasticity, as well as to prevent long-term potentiation (LTP) and long-term depression (LTD). All experiments were performed at room temperature (ϳ24°C) except for the warm temperature experiments in Figure 1 , E and F, that were performed at 33°C. APV, 5, [2, 3] benzodiazepine-5-yl)-benzenamine hydrochloride (GYKI 52466), and 6,7-dinitroquinoxaline-2,3-dione (DNQX) were obtained from Tocris Bioscience (Ellisville, MO). 6, 7, 8, indole-2,3-dione 3-oxime (NS-102) was obtained from Sigma-Aldrich (St. Louis, MO). All other chemicals were obtained from Fischer Scientific (Hampton, NH) or Sigma-Aldrich.
Pyramidal cells, interneurons expressing EGFP (referred to here as EGFP-expressing SOM interneurons) and non-EGFP interneurons were identified visually in CA1 using infrared differential inference contrast optics and epifluorescent optics on a Nikon (New York, NY) E600FN upright microscope. Interneurons recorded had somata located in s. radiatum. Targeted neurons were patched in the voltage-clamp configuration and recorded at a holding potential of Ϫ60 mV using an Axopatch 200B amplifier ( Molecular Devices, Union City, CA). Patch electrodes (3-4.5 M⍀) were filled with internal solution composed of the following (in mM): 100 Cs-Gluconate, 0.6 EGTA, 5.0 MgCl 2 , 10 HEPES, pH was adjusted to 7.2 with CsOH. The internal solution also contained 10 mM BAPTA to block interneuron LTP and LTD (Laezza et al., 1999) , and to inhibit postsynaptic Ca 2ϩ -mediated effects of G-protein coupled receptors and prevent postsynaptic short-term plasticity; triethylammonium chloride] (5 mM) to improve space clamp and reduce nonlinear effects caused by voltagegated channels in dendrites while recording from the soma; 10 mM ATP to chelate intracellular polyamines and prevent possible postsynaptic short-term plasticity at calcium-permeable AMPA receptors (Bahring et al., 1997; McBain, 1998; Rozov and Burnashev, 1999; Toth et al., 2000) . The access resistance and holding current (Ͻ200 pA) were monitored continuously. Recordings were rejected if either access resistance or holding current increased Ͼ20% during the experiment.
EPSCs were recorded in response to extracellular stimulation of Schaffer collateral axons by a bipolar tungsten microelectrode (FHC, Bowdoinham, ME) placed in s. radiatum. Stimulation was generated from a Master-8-cp stimulator (AMPI, Jerusalem, Israel) and applied with a BSI-2 biphasic stimulus isolator (BAK Electronics, Mount Airy, MD). During the recording, the stimulating electrode was positioned and the stimulus strength adjusted (10 -50 A for a 100 s pulse) to produce a single-peak EPSC with fixed latency. There were two stimulation patterns used in the experiments: (1) paired-pulse stimulation with different intervals (in ms: 20, 30, 40, 50, 60, 80, 100, 150, 200 , and 500), applied in a random sequence and repeated 10 times at 0.1 Hz. The averaged pairedpulse ratio (EPSC 2 /EPSC 1 ) was calculated after recording; (2) short highfrequency trains (five pulses) at different constant frequencies (5, 10, 20, and 50 Hz), repeated 10 times each at 0.033 Hz. The five-pulse ratio (ratio of the response amplitudes of the fifth versus the first pulse ϭ EPSC 5 / EPSC 1 ) was calculated after recording. In each experiment the stimulus amplitude and duration were held constant.
For measurements of the use-dependent block of NDMA responses by (5S,10R)-(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801), APV was omitted from the recording solution and either 10 M DNQX (Fig. 2) or 50 M GYKI 52466 (see Figs. 4G-I, 5A-C) was added to block AMPA/kainate receptors. The concentrations of calcium (2.5 mM) and magnesium (1.3 mM) in the recording solution were not changed. NMDA receptor EPSCs were recorded at Ϫ40 mV in response to stimulation at 0.1 Hz. After a stable baseline was obtained, 40 M MK-801 was added and stimulation was turned off for 10 min to allow full wash in and equilibration of MK-801. Stimulation was resumed at 0.1 Hz, and EPSCs were recorded for at least 120 stimuli. Stimulation at 0.1 Hz was used to avoid causing any short-term plasticity that would alter the release probability. Relative EPSC size was measured by integrating the current in a 40 ms window around the peak . A single exponential decay was fit to the EPSC amplitude versus stimulus number in MK-801 to obtain the for the MK-801 block.
For experiments measuring miniature EPSCs (mEPSCs), 1 M tetrodotoxin (TTX) was added to block action potentials. mEPSCs were analyzed using custom written software in Visual Basic. Data were recorded for 10 -15 min in each condition; analysis included a minimum of 50 events for each condition for each cell.
Statistical analysis. Data are presented as mean Ϯ SE. Except where noted, statistical comparisons were made using one-way ANOVA, with p Ͻ 0.05 considered significant. Where noted, statistical comparisons were made using the Student's t test, with p Ͻ 0.05 considered significant. Mathematical analysis. To investigate possible mechanisms for the differences in short-term plasticity observed in the present study, we use our mechanistic mathematical model of short-term plasticity that describes vesicle release from single synapses (Sun et al., 2005) . This model incorporates features of several previous models Tsodyks et al., 1998; Dittman et al., 2000; Dobrunz, 2002) . Details of mathematical methods are described in the Appendix. All mathematical calculations were performed using Mathematica software (fourth edition, Wolfram Media, Champaign, IL).
Results

Excitatory synapses onto SOM interneurons have very large paired-pulse facilitation
To begin investigating whether the heterogeneity of short-term plasticity at Schaffer collateral synapses onto hippocampal interneurons in s. radiatum is correlated with their neurochemical content, we used the GIN line of transgenic mice to study synapses onto an identified subset of interneurons. GIN mice express EGFP in a subpopulation of GABAergic interneurons that contain the neuropeptide somatostatin (Oliva et al., 2000) . Because somatostatin-expressing interneurons are relatively sparse in s. radiatum (Freund and Buzsaki, 1996) , using EGFP as a marker allows us to identify them and target them for study. Because the EGFP-expressing interneurons are a subset of the somatostatin interneurons (Oliva et al., 2000) , we refer to these cells here as EGFP-expressing SOM interneurons. Using whole-cell voltage clamp recordings, we compared short-term plasticity of Schaffer collateral synapses onto EGFP-expressing SOM interneurons in s. radiatum to short-term plasticity of Schaffer collateral synapses onto non-EGFP interneurons in s. radiatum and onto CA1 pyramidal cells in acute hippocampal slices from juvenile GIN mice. To enable study of short-term plasticity of excitatory synapses in isolation, inhibitory synapses and long-term plasticity were pharmacologically blocked.
Unlike synapses onto other interneurons, Schaffer collateral excitatory synapses onto EGFP-expressing SOM interneurons showed very large paired-pulse facilitation. Figure 1 A shows example average traces of EPSCs in response to paired-pulse stimulation at 50 ms interval for an EGFP-expressing SOM interneuron (green), a non-EGFP interneuron (black), and a pyramidal cell (red). In agreement with our previous observations from rat hippocampal slices (Sun et al., 2005) , synapses onto non-EGFP interneurons in the GIN mice had very little paired-pulse facilitation, and some had small paired-pulse depression. In contrast, synapses onto EGFP-expressing SOM interneurons had very large paired-pulse facilitation that was even larger than the paired-pulse facilitation onto CA1 pyramidal cells. As seen in the group summary in Figure 1 B, the paired-pulse ratios were significantly different for the three groups for intervals of 20 -200 ms ( p Ͻ 0.05); by 500 ms, paired-pulse plasticity had largely disappeared. There was some trial to trial variation in the size of the responses; example raw traces are shown in supplemental Figure  1 A-C (available at www.jneurosci.org as supplemental material). The cell to cell variation in the amount of paired-pulse facilitation was largest for the synapses onto the EGFP-expressing SOM interneurons, as illustrated in supplemental Figure 1 D-E (available at www.jneurosci.org as supplemental material). However, all EGFP-expressing SOM interneurons tested had more facilitation than any of the other interneurons tested that lacked the marker EGFP.
Frequency-facilitation is also large at synapses onto EGFP-expressing SOM interneurons
The differences between Schaffer collateral synapses onto EGFPexpressing SOM interneurons versus Schaffer collateral synapses onto non-EGFP interneurons and pyramidal cells are even greater in response to short high-frequency trains. Figure 1C shows example traces of the responses to five-pulse trains at 20 Hz. Whereas the synaptic response of the pyramidal cell (red) showed robust facilitation during the train, the response of the EGFP-expressing SOM interneuron (green) showed extremely large facilitation that accumulated during the train. In contrast, synapses onto the non-EGFP interneuron (black) showed shortterm depression during the train. The responses were quantified by the five pulse ratio (EPSC 5 /EPSC 1 ) (Fig. 1 D) , which shows that this large facilitation was observed at synapses onto EGFPexpressing SOM interneurons during five-pulse trains over a range of frequencies from 5-50 Hz. The responses of synapses onto EGFP-expressing SOM interneurons showed significantly more facilitation than synapses onto pyramidal cells and non-EGFP interneurons ( p Ͻ 0.05).
Warmer temperature does not significantly alter short-term facilitation The recordings in Figure 1 A-D were done at room temperature (24 -25°C). Because some forms of short-term plasticity may be temperature dependent (Hardingham and Larkman, 1998; Klyachko and Stevens, 2006) , we also examined the responses at warmer temperatures. Figure 1 , E and F, shows the results from recordings at 33°C, which verified that Schaffer collateral syn- Each trace is the average of 10 responses. Traces are shown scaled so that the first EPSCs are the same size. Calibration: 20 ms, 180 pA (pyramidal cell), 50 pA (non-EGFP interneuron), 46 pA (EGFP-expressing SOM interneuron). B, Group results (mean Ϯ SE) for paired-pulse ratios versus interval from EGFP-expressing SOM interneurons (green circles; n ϭ 11), pyramidal cells (red squares; n ϭ 7), and non-EGFP interneurons (black triangles; n ϭ 9) show significant differences for intervals of 20 -200 ms ( p Ͻ 0.05). C, Examples of EPSCs recorded from an s. radiatum EGFP-expressing SOM interneuron (green), CA1 pyramidal cell (red), and s. radiatum non-EGFP interneuron (black) in response to five-pulse stimulation (20 Hz) of Schaffer collateral axons. Each trace is the average of 10 responses. Traces are shown scaled so that the first EPSCs are the same size. Calibration: 50 ms, 500 pA (pyramidal cell), 134 pA (non-EGFP interneuron), 121 pA (EGFP-expressing SOM interneuron). D, Group results for five-pulse ratios versus frequency from EGFP-expressing SOM interneurons (green circles; n ϭ 5), pyramidal cells (red squares; n ϭ 4), and non-EGFP interneurons (black triangles; n ϭ 4) show significant differences for frequencies of 5-50 Hz ( p Ͻ 0.05). E, F, Short-term facilitation is also large at synapses onto EGFP-expressing SOM interneurons at warmer temperature. E, Group results for paired-pulse ratios versus intervals recorded at 33°C show greater facilitation at synapses onto EGFP-expressing SOM interneurons (green circles; n ϭ 5) compared with pyramidal cells (red squares; n ϭ 4) and non-EGFP interneurons (black triangles; n ϭ 5) ( p Ͻ 0.05). Inset, Example traces for 50 ms interval. Traces are shown scaled so that the first EPSCs are the same size. Calibration: 20 ms, 300 pA (pyramidal cell), 200 pA (non-EGFP interneuron), 44 pA (EGFPexpressing SOM interneuron). F, Group results for five-pulse ratios versus frequency recorded at 33°C show greater facilitation at synapses onto EGFP-expressing SOM interneurons (green circles; n ϭ 5) as compared with pyramidal cells (red squares; n ϭ 4) and non-EGFP interneurons (black triangles; n ϭ 5) ( p Ͻ 0.05). Inset, Example traces at 20 Hz. Traces are shown scaled so that the first EPSCs are the same size. Calibration: 50 ms, 275 pA (pyramidal cell), 175 pA (non-EGFP interneuron), 95 pA (EGFP-expressing SOM interneuron).
apses onto EGFP-expressing SOM interneurons also have large facilitation at this near-physiological temperature. In fact, although there was a trend toward an increase in facilitation at the warmer temperature, the paired-pulse ratios and five-pulse ratios were not significantly different between the room temperature and 33°C recordings. Therefore, short-term facilitation at these synapses does not appear to be very sensitive to temperature changes in this range. This is consistent with the observation that the release probability of Schaffer collateral synapses onto CA1 pyramidal cells does not significantly change between room temperature and near-physiological temperature (Allen and Stevens, 1994) , although synapses on hippocampal neurons in culture appear to be more sensitive to temperature (Pyott and Rosenmund, 2002; Micheva and Smith, 2005) . Because it allows us to compare with our previous data, and because it is easier to maintain slice health for longer periods at room temperature, we therefore returned to room temperature recordings for the remainder of this study.
Synapses onto EGFP-expressing SOM interneurons have a low initial release probability
In hippocampal slices from rat, we have shown previously that Schaffer collateral excitatory synapses onto s. radiatum interneurons have a higher initial release probability than Schaffer collateral synapses onto CA1 pyramidal cells (Sun et al., 2005) . Because the amount of paired-pulse facilitation is often inversely related to the initial release probability of synapses (e.g., Dobrunz and Stevens, 1997; for review, see Zucker and Regehr, 2002) , the extremely large facilitation of Schaffer collateral synapses onto the EGFP-expressing SOM interneurons in GIN mice suggests that they instead have a very low initial release probability. We tested this using the rate of use-dependent block of NMDA receptors by the open-channel blocker MK-801 , an established method for showing differences in the average release probability (e.g., Castro-Alamancos and Connors, 1997). We compared the rate of block of NMDA EPSCs by MK-801 at synapses onto EGFP-expressing SOM interneurons in s. radiatum versus non-EGFP interneurons and pyramidal cells, using single pulse stimulation at 0.1 Hz to avoid short-term plasticity. Figure 2 A shows that the MK-801 blocking curves measured at synapses onto the three cell types are different. The rate of block of the NMDA synaptic currents by MK-801 is fastest at synapses onto non-EGFP interneurons, intermediate at synapses onto pyramidal cells, and slowest at synapses onto the EGFP-expressing SOM interneurons. The time constant of the decay (measured in number of stimuli) shows statistically significant differences between all three cell types ( Fig. 2 B) ( p Ͻ 0.05). This shows that synapses onto non-EGFP interneurons in s. radiatum have a higher average initial release probability than synapses onto CA1 pyramidal cells in GIN mice, in agreement with our results from rat slices (Sun et al., 2005) . However, the slow rate of block for synapses onto EGFP-expressing SOM interneurons suggests that they have a very low initial release probability, which is lower than the release probability at synapses onto pyramidal cells.
Although the MK-801 method is a widely used technique to test for differences in release probability, the rate of MK-801 block is also determined by the open probability of NMDA receptors and the fraction of open receptors that are blocked by a given concentration of MK-801 . If there is a difference in NMDA receptor subunit composition in the different cell types, and if some NMDA receptors are more easily blocked by MK-801 (Lei and McBain, 2002 ) (but see Chen et al., 1999; Chavis and Westbrook, 2001 ), this could also contribute to the observed difference in the MK-801 blocking curves. Target cell-specific differences in NMDA receptor subunits have been found at mossy fiber synapses onto CA3 interneurons in hippocampus (Lei and McBain, 2002) , and CA1 pyramidal cells and interneurons may also have differences in NMDA receptor subunit composition (Standaert et al., 1996; Avignone et al., 2005) . If EGFP-expressing SOM interneurons have NMDA receptors that are less susceptible to MK-801 block, this could also contribute to their slower rate of MK-801 block. However, the time course of the NMDA EPSCs was similar for all three cell types ( Fig. 2 A, inset) . The decay time constants of the NMDA EPSCs were not statistically different between the three groups ( ϭ 29.8 Ϯ 11.6 ms for EGFP-expressing SOM interneurons; ϭ 77.8 Ϯ 17.9 ms for non-EGFP interneurons; ϭ 56.7 Ϯ 10.0 ms for pyramidal cells; p Ͼ 0.05). Because differences in the NMDA receptor subunit composition result in changes in the NMDA EPSC time course (Flint et al., 1997; Stocca and Vicini, 1998; Lei and McBain, 2002) , this suggests that the NMDA receptor subunit composition is similar between the three cell types. Any contribution of NMDA receptor differences to the slower block by MK-801 is likely to be small, and not enough to account for the large difference in blocking rate.
The fact that the decay constant is nearly eight times slower than that for non-EGFP interneurons suggests that EGFPexpressing SOM interneurons do have a low release probability. The large facilitation at these synapses is likely to arise at least in part from their low initial release probability.
Model predicts that low release probability alone cannot account for all of the large short-term facilitation at synapses onto EGFP-expressing SOM interneurons Our experimental data show that Schaffer collateral synapses onto EGFP-expressing SOM interneurons have large short-term facilitation and a low initial release probability. To try to test whether a low initial release probability could be sufficient to quantitatively account for the magnitude of the large pairedpulse and five-pulse facilitation observed, we used a mechanistic mathematical model of short-term plasticity that we developed in a previous paper (Sun et al., 2005) . Our model is mechanistic, in Figure 2 . Synapses onto EGFP-expressing SOM interneurons have a low initial release probability. A, Rate of block of NMDA EPSCs by 40 M MK-801 is very slow for EGFP-expressing SOM interneurons (green circles; n ϭ 5), indicating a low release probability. Blocking rate is faster for synapses onto pyramidal cells (red squares; n ϭ 6), indicating a higher release probability, and even faster for synapses onto non-EGFP interneurons (black triangles; n ϭ 9), indicating that their release probability is even higher. Inset, Example NMDA EPSCs from EGFP-expressing SOM interneuron (left; green), non-EGFP interneuron (center; black), and pyramidal cell (right; red). Calibration: 50 ms, 16 pA (EGFP-expressing SOM interneuron), 28 pA (non-EGFP interneuron), 40 pA (pyramidal cell). B, Average MK-801 decay constant (, in number of stimuli) is statistically different between EGFP-expressing SOM interneurons ( ϭ 263.4 Ϯ 81.5), non-EGFP interneurons ( ϭ 34.8 Ϯ 11.3), and pyramidal cells ( ϭ 56.6 Ϯ 5.3). *p Ͻ 0.05.
that we attempt to include variables with physiological counterparts, and it incorporates features of several previous models (Abbott et al., 1997; Tsodyks et al., 1998; Dittman et al., 2000; Dobrunz, 2002 ). In our model, synapses cycle between three states: "release-ready," "releasing," and "refractory." Neurotransmitter release can only occur from synapses in the release-ready state, which release a single vesicle per active synapse with an average release probability P(t). P(t) depends on the number of readily releasable vesicles and on the release probability per vesicle, both of which are modified by the pattern of activity. Facilitation occurs through a calciumdependent increase in the release probability per vesicle. Depression results from depletion of the readily releasable vesicle pool and from synapses becoming refractory after release. Details of the model are in the Appendix and in our previous paper (Sun et al., 2005) .
We showed previously that our mathematical model was able to account for all of the differences in short-term plasticity between Schaffer collateral synapses onto s. radiatum interneurons versus CA1 pyramidal cells in hippocampal slices from rat by a higher initial release probability at synapses onto interneurons, caused by larger values of both the initial readily releasable vesicle pool size and the initial release probability per vesicle (Sun et al., 2005) . We next applied the model to our short-term plasticity data from the GIN mice. For synapses onto pyramidal cells and non-EGFP interneurons, the model was able to simultaneously fit the paired-pulse and five-pulse data (Fig. 3 A, B ) using the same model parameters for both types of stimulation (Tables 1,  2 ). For these two groups, the results from GIN mice were very similar to those from rat, in that the model predicted that the differences between these synapses resulted from a higher initial readily releasable vesicle pool size and a higher initial release probability per vesicle at the synapses onto non-EGFP interneurons, resulting in a higher initial release probability for interneuron inputs (P 1 ϭ 0.52) compared with pyramidal cell inputs (P 1 ϭ 0.17).
In contrast, the model was not able to simultaneously fit the paired-pulse and five-pulse data for the EGFP-expressing SOM interneuron synapses by only changing release probability, with any combination of changes in readily releasable pool size and release probability per vesicle that we tested. Figure 3 , C and D, shows three examples of simulations of the paired-pulse data (Fig. 3C ) and five-pulse data (Fig. 3D) for the EGFP-expressing SOM interneurons, where the initial release probability varies [P 1 ϭ 0.073 (top curves, cyan), P 1 ϭ 0.096 (middle curves, orange), and P 1 ϭ 0.14 (bottom curves, gray)]. No value of P 1 fit both the peak and the shape of the paired-pulse data (Fig. 3C) , and the parameters that provided the closest fit (P 1 ϭ 0.096) resulted in a very poor fit to the five-pulse data (Fig. 3D) . The inability of the model to fit the data with only a change in release probability led us to believe that another mechanism may also contribute to the large paired-pulse and five-pulse facilitation of Schaffer collateral synapses onto EGFP-expressing SOM interneurons in s. radiatum, a prediction which we confirmed by additional experiments.
Presynaptic kainate receptors contribute to large facilitation at synapses onto EGFP-expressing SOM interneurons
Kainate receptors have been shown to act as presynaptic autoreceptors that contribute to the large short-term facilitation observed at mossy fiber synapses in the CA3 region of hippocampus (Contractor et al., 2001; Lauri et al., 2001; Schmitz et al., 2001) . However, previous studies have shown no such role for kainate receptors at Schaffer collateral synapses onto CA1 pyramidal cells, but instead found that activation of kainate receptors by exogenous agonist depresses glutamate release (Kamiya and Ozawa, 1998; Frerking et al., 2001) . We tested whether kainate receptors contribute to the large short-term facilitation seen at Schaffer collateral synapses onto EGFP-expressing SOM interneurons by applying the kainate receptor antagonist NS-102, which blocks kainate receptors containing the GluR6 subunit (for review, see Chittajallu et al., 1999) . Figure 4 A shows examples of paired-pulse EPSCs (40 ms interval) recorded in an EGFPexpressing SOM interneuron before (green trace) and during (magenta trace) the application of NS-102 (20 M). The kainate receptor antagonist caused a significant reduction in the amount of paired-pulse facilitation, although the remaining facilitation was still large. Figure 4 B shows a summary of the results (mean Ϯ SE) of paired-pulse ratio for EGFP-expressing SOM interneurons with NS-102 versus control. A paired two sample t test showed that there were significant differences in the paired-pulse ratio before and during NS-102 administration at 20 -60 ms pairedpulse intervals ( p Ͻ 0.05).
NS-102 also caused a small decrease in the size of the first EPSC (29.7 Ϯ 3.6%; p Ͻ 0.05), which was partially reversed after washout. NS-102 has been reported to be highly selective for kainate receptors versus AMPA receptors (Wilding and Huettner, 1996) ; however, one study in cultured hippocampal neurons reported similar potency for AMPA versus kainate receptors (Paternain et al., 1996) . It is possible that the decrease in the first EPSC size represents a weak antagonism of AMPA receptors (Paternain et al., 1996) , which should not result in any change in short-term facilitation and therefore would not influence our (Table 2 ) except for a smaller initial readily releasable vesicle pool size (n T ) and smaller initial release probability per vesicle(␣ 1 ) at synapses onto pyramidal cells (Table 1) , resulting in a lower initial release probability (P 1 ϭ 0.17 for pyramidal cells; P 1 ϭ 0.52 for non-EGFP interneurons). C, D, For synapses onto EGFP-expressing SOM interneurons, model simulations that only changed the initial release probability were unable to fit both the paired-pulse (C) and five-pulse data (D) using the same parameters. results. Alternatively, it could reflect the block of postsynaptic kainate receptors that contribute to the EPSC, because postsynaptic kainate receptors containing GluR6 are found in CA1 interneurons (Mulle et al., 2000; Christensen et al., 2004) . However, their contribution to the EPSC peak is small (Frerking et al., 1998) , and blocking them should have no effect on short-term facilitation. Finally, the reduction in the first EPSC by NS-102 could be caused by the block of presynaptic facilitatory kainate receptors that were tonically activated by endogenous glutamate. However, that would cause an increase in paired-pulse facilitation, rather than the decrease in facilitation that we observed. The reduction of short-term facilitation by NS-102 at synapses onto EGFP-expressing SOM interneurons is therefore most likely caused by block of the effects of synaptically released glutamate, rather than an indirect effect of an increase in the initial release probability.
We next investigated the contribution of kainate receptors on the extremely large frequency facilitation observed at synapses onto EGFP-expressing SOM interneurons during short trains. We compared the amount of facilitation evoked by five-pulse trains at different frequencies (5, 10, 20, and 50 Hz) before and during application of NS-102 (Fig. 4C) . NS-102 decreased the five-pulse ratio at 20 and 50 Hz (n ϭ 5; paired Student's t test, p Ͻ 0.05), but there was no significant change at 5 and 10 Hz ( p Ͼ 0.05). The effect of NS-102 on paired-pulse and frequency facilitation demonstrates that the activation of presynaptic kainate receptors contributes to the large facilitation observed in excitatory synapses onto EGFP-expressing SOM interneurons in CA1 s. radiatum during high-frequency stimulation but not during lower-frequency stimulation.
To investigate if the role of presynaptic GluR6 kainate receptors is unique for short-term facilitation observed in EGFPexpressing SOM interneurons, we next tested the effects of the kainate receptor antagonist NS-102 on short-term plasticity in non-EGFP interneurons and pyramidal cells. Figure 4 D shows examples of paired-pulse EPSCs (40 ms interval) recorded in a non-EGFP interneuron before (black trace) and during (gray trace) the application of NS-102. NS-102 caused a small decrease in the size of the EPSC for both pulses, with no change in the paired-pulse ratio. NS-102 had no effect on the paired-pulse ratio for any of the non-EGFP interneurons tested; the results are summarized in Figure 4 E (n ϭ 5; paired Student's t test, p Ͼ 0.05). Similarly, NS-102 had no effect on the five-pulse ratio in non-EGFP interneurons during short trains (Fig. 4 F) (n ϭ 5; paired Student's t test, p Ͼ 0.05). NS-102 also had no effect on the paired-pulse ratio or five-pulse ratio for Schaffer collateral synapses onto pyramidal cells (n ϭ 5; paired Student's t test, p Ͼ 0.05) (data not shown). NS-102 caused a decrease in the size of the first EPSC in both non-EGFP interneurons (27.6 ϩ 4.2%; n ϭ 5, paired Student's t test, p Ͻ 0.05) and pyramidal cells (22.2 Ϯ 5.5%; n ϭ 5, paired Student's t test, p Ͻ 0.05), consistent with it also acting as a weak AMPA receptor antagonist. These results show that GluR6-containing kainate receptors are not involved in short-term plasticity observed in non-EGFP interneurons and pyramidal cells, and therefore this mechanism is unique to the EGFP-expressing SOM interneurons.
To further support our finding that kainate receptors contribute to short-term facilitation at Schaffer collateral synapses onto EGFP-expressing SOM interneurons, we next verified that blocking kainate receptors with a more general kainate receptor antagonist also reduces paired-pulse facilitation. To do this, we first recorded paired-pulse responses of NMDA receptor mediated EPSCs in the presence of the selective AMPA receptor blocker GYKI 52466 (50 M), and compared the amount of facilitation in control and with kainate receptors blocked by DNQX ). For EGFP-expressing SOM interneurons, application of 10 M DNQX caused a reduction in the paired-pulse ratio of the NMDA EPSC for intervals up to 100 ms ( Fig. 4G ) (n ϭ 5; paired Student's t test, p Ͻ 0.05), again indicating that the effect of kainate receptor activation was rapid and short lasting. The amplitude of the first EPSC was also slightly reduced (37.1 Ϯ 9%; paired Student's t test, p Ͻ 0.05). The effect was also reversible; after DNQX washout, both the paired-pulse ratio and the first EPSC amplitude returned to the control levels ( p Ͼ 0.05). In the controls, the NMDA paired-pulse ratio was slightly smaller than the AMPA paired pulse ratio at short intervals. This may reflect partial block of the kainate receptors by the GYKI 52466, which, although AMPA preferring, is also a weak antagonist of kainate receptors (Paternain et al., 1995) . The kainate receptors on EGFPexpressing SOM interneurons are at most partially blocked by 50 M GYKI 52466, however, because addition of DNQX caused a significant reduction of the NMDA paired-pulse ratio at short intervals. The effect of kainate receptor activation on paired-pulse facilitation effect was specific to EGFP-expressing SOM interneurons, because no change in paired-pulse facilitation of NMDA responses was observed for either non-EGFP interneurons (Fig. 4 H) (n ϭ 6; paired Student's t test, p Ͼ 0.05) or pyramidal cells (Fig. 4 I) (n ϭ 5; paired Student's t test, p Ͼ 0.05). Together, our results show that the large facilitation at synapses onto EGFPexpressing SOM interneurons in s. radiatum is attributable in part to activation of kainate receptors, including kainate receptors containing the GluR6 subunit. These receptors are activated by synaptically released glutamate, and their effect is to increase the size of the EPSC on subsequent stimuli, thereby increasing shortterm facilitation.
Activating presynaptic kainate receptors increases release probability at synapses onto EGFP-expressing SOM interneurons
Because nearly all mechanisms of shortterm facilitation are presynaptic (for review, see Zucker and Regehr, 2002) , the simplest explanation for the facilitatory effect of the kainate receptors at synapses onto EGFP-expressing SOM interneurons is that they are located presynaptically. When activated by synaptically released glutamate from the first pulse, they cause an increase in the probability of glutamate release on subsequent pulses. To test this, we next determined whether activation of kainate receptors by bath application of exogenous agonist causes an increase in the probability of glutamate release. Because there are no GluR6 selective kainate receptor agonists available, we used 100 nM kainate, a concentration that has been shown to activate the high affinity kainate receptors that facilitate synaptic transmission at mossy fiber synapses Ji and Staubli, 2002) , but have no effect at Schaffer collateral synapses onto CA1 pyramidal cells (Ji and Staubli, 2002) . To directly show that kainate receptor activation is increasing glutamate release rather than increasing the EPSCs postsynaptically, we compared the rate of block of the NMDA EPSC by MK-801 in the presence of 100 nM kainate versus control. For these experiments, we used the selective antagonist GYKI 52466 (50 M) to block AMPA receptors, rather than DNQX, to avoid blocking kainate receptors. The MK-801 blocking functions measured with GYKI 52466 are not different from those in Figure 2 measured with DNQX ( ϭ 224.8 Ϯ 74.0 vs 263.4 Ϯ 81.5; Student's t test, p Ͼ 0.05), indicating that the kainate receptors are not tonically activated by ambient glutamate levels. As predicted, activating kainate receptors by bath application of kainate caused an increase in the rate of block by MK-801 of NMDA EPSCs in EGFP-expressing SOM interneurons (Fig.  5A ) ( ϭ 224.8 Ϯ 74.0 vs 10.7 Ϯ 3.0; Student's t test, p Ͻ 0.05; n ϭ 5). Because NMDA receptors are insensitive to kainate (Hollmann and Heinemann, 1994) , this result directly shows that activation of kainate receptors causes an increase in the probability of glutamate release. The effect was selective for EGFP-expressing SOM interneurons, in that addition of 100 nM kainate had no EPSCs recorded from an s. radiatum EGFP-expressing SOM interneuron before (green) and during (magenta) application of the GluR6-specific kainate receptor antagonist NS-102 (20 M). Calibration: 25 ms, 50 pA. B, Group results for paired-pulse ratios versus interval from EGFP-expressing SOM interneurons before (solid green circles) and during application of NS-102 (open magenta circles) (n ϭ 6). NS-102 caused a significant decrease in paired-pulse facilitation for intervals from 20 to 60 ms (paired t test, p Ͻ 0.05). C, Group results for five-pulse ratios versus frequency from EGFP-expressing SOM interneurons before (solid green circles) and during application of NS-102 (open magenta circles) (n ϭ 10). NS-102 causes a significant reduction in the five-pulse ratio at frequencies of 20 and 50 Hz (paired t test, p Ͻ 0.05). D, Examples of EPSCs recorded from an s. radiatum non-EGFP interneuron before (black) and during (gray) application of the GluR6-specific kainate receptor antagonist NS-102 (20 M). Calibration: 25 ms, 120 pA. E, Group results for paired-pulse ratios versus interval from non-EGFP interneurons before (solid black triangles) and during application of NS-102 (open gray triangles) (n ϭ 5). NS-102 had no effect on the paired-pulse ratio in non-EGFP interneurons (paired t test, p Ͼ 0.05). F, Group results for five-pulse ratios versus frequency from non-EGFP interneurons before (solid black triangles) and during application of NS-102 (open gray triangles) (n ϭ 5). NS-102 had no effect on the five-pulse ratio in non-EGFP interneurons (paired t test, p Ͼ 0.05). G-I, NMDA EPSCs were isolated by blocking AMPA receptors with GYKI 52466 (50 M). The non-selective AMPA/kainate antagonist DNQX (10 M) was used to block kainate receptors. Filled symbols, Recorded for control; open symbols, recorded with DNQX applied. G, Group results (n ϭ 5) obtained from EGFPexpressing SOM interneurons show that blocking kainate receptors with DNQX reduced the paired-pulse ratio of the NMDA EPSC for 25, 50, and 100 ms interpulse intervals (paired t test, p Ͻ 0.05). H, I, Group results show that there was no effect of DNQX on the paired-pulse ratio for either non-EGFP interneurons (H; n ϭ 6) or pyramidal cells (I; n ϭ 5) (paired t test, p Ͼ 0.05).
effect on the MK-801 decay curves of either pyramidal cells (Fig.  5B ) ( ϭ 52.0 Ϯ 4.7 vs 63.6 Ϯ 10.7; Student's t test, p Ͼ 0.05; n ϭ 6) or non-EGFP interneurons (Fig. 5C ) ( ϭ 25.5 Ϯ 5.0 vs 27.5 Ϯ 9.1; Student's t test, p Ͼ 0.05; n ϭ 9).
To further confirm that kainate receptor activation is acting presynaptically to increase release probability, we compared the frequency and amplitude of mEPSCs (recorded in 1 M TTX) before and during application of 100 nM kainate. Figure 5D (top) shows example traces of mEPSCs recorded from an EGFPexpressing SOM interneuron in control, during kainate application, and after kainate washout. Bath application of kainate caused an increase in the mEPSC frequency in EGFP-expressing SOM interneurons (Fig. 5D, bottom) ( p Ͻ 0.05; n ϭ 8), which was reversed after washout of kainate ( p Ͻ 0.05; n ϭ 5). There was no change in the average mEPSC amplitude, as shown in Figure 5G ( p Ͼ 0.05), indicating that the effect of the kainate receptors was only presynaptic. The effect was selective for EGFP-expressing SOM interneurons, because bath application of 100 nM kainate had no effect on the mEPSC frequency of non-EGFP interneurons (Fig. 5E ) ( p Ͼ 0.05; n ϭ 9) or pyramidal cells (Fig. 5F ) ( p Ͼ 0.05; n ϭ 7). There was also no effect of kainate on their average mEPSC amplitudes (Fig. 5 H, I ) ( p Ͼ 0.05).
Together, our results show that kainate receptor activation is acting presynaptically to increase the probability of release, and that the mechanism is specific to Schaffer collateral synapses onto EGFPexpressing SOM interneurons.
Model fits large facilitation of synapses onto EGFP-expressing SOM interneurons with a low initial release probability and presynaptic facilitation of release by synaptic activation of kainate receptors Finally, we tested whether our model was able to fit the data for the EGFPexpressing SOM interneurons if we modified it to include a mechanism for the facilitation of glutamate release by synaptically released glutamate acting at presynaptic kainate receptors. Although the exact mechanism by which kainate receptor activation increases release probability is not known, we were able to get a good fit when we added a parameter (⌬ KAR ) that increased facilitation by providing an additional increase in the release probability per vesicle after action potential stimulation (see Appendix). This parameter was set to a value of 5 (normalized) for simulations of control data for EGFP-expressing SOM interneurons, and set to 0 for simulations of data with NS-102 (presynaptic kainate receptors blocked) (Table 1) . This enabled the model to simultaneously fit both the paired-pulse (Fig. 6 A) and five-pulse data (Fig. 6 B) , for both control (black) and NS-102 (gray), while keeping the values of the initial release probability per vesicle (␣ 1 ϭ 0.025) and initial readily releasable pool size (n T ϭ 5.0) the same for all four experimental conditions (Table 1) . This results in an initial release probability P 1 ϭ 0.12 that is lower than the model values for non-EGFP interneurons (P 1 ϭ 0.52) or pyramidal cells (P 1 ϭ 0.17). The low initial release probability predicted by the model is in agreement with the very slow block by MK-801 for the EGFP-expressing SOM interneurons (Figs. 2, 5A, control) . All other model parameters were kept the same as for pyramidal cells and non-EGFP interneurons ( Table 2) . The model is able to quantitatively account for the large paired-pulse and five-pulse facilitation at synapse onto EGFP-expressing SOM interneurons by the combination of the two mechanisms we observed experi- Figure 5 . Activation of presynaptic kainate receptors increases the release probability at synapses onto EGFP-expressing SOM interneurons. A, Bath application of 100 nM kainate (open circles) increases the rate of block of NMDA EPSCs by 40 M MK-801 for EGFP-expressing SOM interneurons compared with control (closed circles; n ϭ 5; control ϭ 224.8 Ϯ 74.0 vs kainate ϭ 10.7 Ϯ 3.0; t test, p Ͻ 0.05), indicating an increase in the release probability. B, C, Kainate had no effect on the MK-801 blocking rate at synapses onto non-EGFP interneurons (B; n ϭ 9; control ϭ 25.5 Ϯ 5.0 vs kainate ϭ 27.5 Ϯ 9.1; t test, p Ͼ 0.05) or pyramidal cells (C; n ϭ 6; control ϭ 52.0 Ϯ 4.7 vs kainate ϭ 63.6 Ϯ 10.7; t test, p Ͼ 0.05). D, Bath application of 100 nM kainate increases the frequency of mEPSCs recorded in EGFP-expressing SOM interneurons; the effect is reversed by wash out. Top panels show example traces from an EGFP-expressing SOM interneuron recorded during control, kainate, and wash. Bottom panel shows the group results showing an increase in the mEPSC frequency during kainate application (n ϭ 8; *statistically significant, p Ͻ 0.05). E, F, Kainate had no effect on the mEPSC frequency recorded in non-EGFP interneurons (E; n ϭ 9; p Ͼ 0.05) or pyramidal cells (F; n ϭ 7; p Ͼ 0.05). G, One-hundred nanomolars kainate did not alter the average amplitude of the mEPSCs recorded in EGFPexpressing SOM interneurons ( p Ͼ 0.05). Top panels show example average EPSCs from an EGFP-expressing SOM interneuron recorded during control, kainate, and wash. H, I, Kainate also had no effect on the mEPSC amplitude in non-EGFP interneurons (H; p Ͼ 0.05), or pyramidal cells (I; p Ͼ 0.05). Calibration: D, 10 pA, 5 s; E, F, 10 pA, 2 s; G, 10 pA, 10 ms; H, I, 10 pA, 10 ms.
mentally: a low initial release probability, and facilitation caused by synaptically released glutamate activating presynaptic kainate receptors to increase release probability on subsequent pulses. Although this does not rule out other possible mechanisms that could also contribute to facilitation at these synapses, it does suggest that the two mechanisms observed experimentally are sufficient to produce the large facilitation observed at Schaffer collateral synapses onto EGFP-expressing SOM interneurons.
Discussion
We have discovered a novel mechanism contributing to target cell-specific synaptic plasticity at Schaffer collateral synapses in the hippocampus. Unlike synapses onto the majority of interneurons in s. radiatum of CA1, synapses onto a subset of somatostatin interneurons have extremely large short-term facilitation. Previously, target-cell specificity of short-term plasticity has been attributed to differences in the initial release probability, both in the cortex (Rozov et al., 2001; Koester and Johnston, 2005) and in the hippocampus (Sun et al., 2005) . Whereas a low initial release probability contributes to the facilitation, activation of kainate receptors by synaptically released glutamate increases release on subsequent pulses to enhance facilitation. This rapidly increases synaptic strength at these synapses during action-potential bursts, selectively potentiating them relative to other Schaffer collateral synapses.
We demonstrate the presence of kainate receptors in four separate experiments. We show that the kainate receptor antagonist NS-102 reduces short-term facilitation, and that blocking kainate receptors with DNQX reduces facilitation of NMDA EPSCs. Using the MK-801 method, we show that exogenous kainate increases the presynaptic release probability. In addition, exogenous kainate increases the frequency of mEPSCs. These effects were specific for Schaffer collateral synapses onto EGFPexpressing SOM interneurons in s. radiatum. There were no effect at synapses onto non-EGFP interneurons, which are most likely non-SOM interneurons because SOM interneurons in s. radiatum are rare (Freund and Buzsaki, 1996) , or at synapses onto CA1 pyramidal cells. Together, these experiments show that synaptically released glutamate activates kainate receptors and increases release probability on subsequent pulses, contributing to the large short-term facilitation of Schaffer collateral synapses onto EGFP-expressing SOM interneurons. This is a novel function for Schaffer collateral axons that occurs at only a subset of synapses based on their postsynaptic target. Although presynaptic kainate autoreceptors can increase facilitation at mossy fiber synapses in CA3 (e.g., Contractor et al., 2001) , no such role had been described previously at any Schaffer collateral synapses. At Schaffer collateral synapses onto CA1 pyramidal cells, presynaptic kainate receptors instead depress glutamate release in response to high concentrations of exogenous agonists in juveniles (Frerking et al., 2001) , or by tonic activation of high affinity receptors by ambient glutamate during the first postnatal week (Lauri et al., 2006) . In juveniles, the depression of release occurs through low affinity receptors (Kamiya and Ozawa, 1998) , whereas the facilitation of release at synapses onto EGFP-expressing SOM interneurons occurs via high-affinity receptors. It remains to be determined whether this results from differences in subunit composition, and if so, how different kainate receptors are targeted to axon terminals based on the postsynaptic neuron.
Because NS-102 is selective for kainate receptors containing the GluR6 subunit (for review, see Chittajallu et al., 1999) , our results suggest that either homomeric GluR6 receptors or heteromeric receptors containing GluR6 underlie the kainate receptor effect. Similarly, the presynaptic kainate autoreceptors that increase facilitation at mossy fiber synapses contain GluR6 (Contractor et al., 2001; Breustedt and Schmitz, 2004) (but see Vignes et al., 1997) . In addition, the depression of release at Schaffer collateral synapses onto CA1 pyramidal cells by exogenous kainate is antagonized by NS-102, suggesting a role for GluR6 kainate receptors (Kamiya and Ozawa, 1998) , although it may also depend on kainate receptors containing GluR5 (Vignes et al., 1998; Clarke and Collingridge, 2002) . Our results do not rule out a possible role for the GluR5 subunit in the facilitatory effect at Schaffer collateral synapses onto EGFP-expressing SOM interneurons, as GluR5 and GluR6 can form functional heteromeric receptors (Paternain et al., 2000) . Although future studies are needed to precisely determine their subunit composition, our results show that synaptic activation of presynaptic kainate receptors enhances short-term facilitation at these synapses.
We showed previously that Schaffer synapses onto s. radiatum interneurons in slices from rat have lower facilitation and faster MK-801 block than synapses onto pyramidal cells (Sun et al., 2005) . This is also true for the non-EGFP interneurons studied here, suggesting that Schaffer collateral synapses onto most s. radiatum interneurons have a higher release probability than synapses onto pyramidal cells in both rats and GIN mice. In contrast, Schaffer collateral synapses onto EGFP-expressing SOM interneurons in GIN mice have large facilitation and a slow MK-801 blocking rate that increased with bath-applied kainate, suggesting they instead have a low release probability. Furthermore, although blocking kainate receptors reduces short-term facilitation at these synapses, facilitation remains even in the presence of the blockers, also consistent with low release probability. Their lower mEPSC rate also suggests a low release probability, although differences in synapse number cannot be ruled out. Together, these experiments strongly suggest that Schaffer collateral synapses onto EGFP-expressing SOM interneurons have a low release probability, in contrast to the higher probability at synapses onto most s. radiatum interneurons.
The inability of our original mathematical model (Sun et al., 2005) to fit the data for synapses onto EGFP-expressing SOM interneurons with only a decrease in release probability led us to consider that an additional mechanism might contribute to the large short-term facilitation at these unique synapses. This pre- Figure 6 . Model that includes an additional mechanism for kainate receptor induced facilitation now fits data from EGFP-expressing SOM interneurons. A, B, Mathematical model of short-term plasticity which includes a mechanism for kainate receptor mediated facilitation (⌬ KAR ϭ 5) provides good fit (black lines) to both paired-pulse (A) and five-pulse (B) data for synapses onto EGFP-expressing SOM interneurons in control (black circles). Eliminating this mechanism (⌬ KAR ϭ 0) and keeping all other parameters the same provides good fits (gray lines) to paired-pulse and five pulse data in NS-102 (open gray circles). Other than ⌬ KAR , all model parameters are the same as for pyramidal cells and non-EGFP interneurons (Table 2) except for the initial release probability per vesicle (␣ 1 ) and the initial readily releasable vesicle pool size (n T ), which result in a lower initial release probability (P 1 ϭ 0.12) ( Table 1) .
diction was confirmed by subsequent experiments, illustrating the power of combining experiments with modeling. Our experiments show that kainate receptor activation acts presynaptically to increase release probability and enhance short-term facilitation. Incorporating this mechanism into our mathematical model enabled it to simultaneously fit the control data for pairedpulse and five-pulse facilitation using the same parameters, as it had for pyramidal cell and non-EGFP interneurons. Although the exact mechanism by which kainate receptor activation increases release probability is unknown, our model fit the data by incorporating a calcium-dependent increase in the release probability per vesicle. This could occur directly because of calcium influx through calcium-permeable kainate receptors (Lauri et al., 2003) , or indirectly through depolarization causing increased action potential calcium influx (Kamiya, 2002; Kamiya et al., 2002) . Although the model may need additional refinement once we determine how kainate receptors increase release probability, the simulations show that a low initial release probability combined with the synaptically stimulated increase in release are sufficient to account for the large facilitation at these synapses.
Although virtually all EGFP interneurons in hippocampus of GIN mice express somatostatin, they are a subset of somatostatin-containing interneurons (Oliva et al., 2000) . The EGFP interneurons may be a specialized subset of somatostatin interneurons based on the presence (or lack) of an additional neurochemical marker. It remains to be determined if the non-EGFP somatostatin-expressing interneurons in s. radiatum also have synaptic inputs with large facilitation, indicating that this is a general feature of Schaffer collateral synapses onto somatostatin interneurons, or little or no facilitation like the non-EGFP interneurons that we studied here. All EGFP-expressing SOM interneurons tested in s. radiatum had large short-term facilitation, supporting our hypothesis that functional properties such as short-term plasticity of excitatory inputs are different for subgroups of interneurons identifiable by neurochemical content. The EGFP-expressing SOM interneurons in s. radiatum could still be heterogeneous, rather than one unique subtype, as has been suggested for cortical EGFP-expressing interneurons in GIN mice (Ma et al., 2006) .
Somatostatin-containing interneurons in other areas also show paired-pulse facilitation. In s. oriens, a subset of interneurons called O-LM cells project to s. lacunosum-moleculare (s. LM), most of which contain somatostatin and have facilitating inputs from CA1 pyramidal cells (Losonczy et al., 2002) . Similarly, bitufted interneurons in cortex, many of which contain somatostatin, have facilitating inputs (Reyes et al., 1998) . We also see large paired-pulse facilitation at Schaffer collateral synapses onto EGFP-expressing interneurons in s. pyramidale and s. oriens in GIN mice (our unpublished observations). It remains to be determined whether presynaptic kainate receptors also contribute to short-term facilitation at excitatory synapses onto somatostatin-containing interneurons in these other regions.
Morphologically, EGFP-expressing SOM interneurons with somata in s. radiatum of CA1 are called R-LM cells because of their extensive axonal arborization in s. LM (Oliva et al., 2000) . Because s. LM receives direct excitatory input to CA1 from entorhinal cortex via the temporoammonic pathway (Amaral, 1993) , these cells are likely to be important in regulating information flow through hippocampus. Both R-LM and O-LM cells may act as "input-biasing" interneurons, whose firing will produce inhibitory input to s. LM that can filter out information from the entorhinal cortex (Oliva et al., 2000) . However, R-LM cells receive their excitatory inputs primarily from CA3 pyramidal cells, whereas O-LM cells are innervated by CA1 pyramidal cells. Thus, R-LM cells are poised to selectively inhibit entorhinal input to CA1 pyramidal cells in response to input from CA3 (Oliva et al., 2000) .
Furthermore, the unique properties of the Schaffer collateral inputs to the EGFP-expressing SOM interneurons may enable them to function as burst detectors. Although their low initial probability of release may fail to drive firing during lowfrequency stimulation, the large short-term facilitation will likely recruit these cells to fire during bursts. This may selectively increase inhibition to distal dendrites of CA1 pyramidal cells, suppressing the temporoammonic pathway, while short-term facilitation enhances excitation onto proximal dendrites of CA1 pyramidal cells. This provides a novel mechanism for fine-tuning the function of hippocampal circuits, and demonstrates another role for presynaptic kainate receptors in filtering information in hippocampus.
Appendix: A mathematical description for short-term synaptic plasticity
We have previously developed a mathematical description of short-term plasticity (Sun et al., 2005) that incorporated features of several previous models Tsodyks et al., 1998; Dittman et al., 2000; Dobrunz, 2002) . The model contains three possible states for a synapse: release-ready (x(t)), releasing ( y(t)), and refractory (z(t)). Only synapses in the release-ready state are capable of releasing a vesicle when an action potential arrives . Facilitation results from the enhancement of average release probability P(t), which is determined by average release probability per vesicle ␣(t) and the readily releasable vesicle pool size n(t). Depression results from depletion of the readily releasable vesicle pool Dobrunz, 2002) and from synapses becoming refractory after release Tsodyks et al., 1998) . The corresponding kinetic equations are as follows:
where ␦ is the Dirac ␦ function, and t ap is the time of occurrence of an action potential. P(t) is the average release probability. The time constant of recovery from the refractory state ( rec ) is assumed to be calcium-dependent and determined by the equilibrium binding occupancy of a calcium-bound molecule CaX D (Dittman et al., 2000) . K D is the dissociation parameter of calcium-bound molecule CaX D , and k max and k 0 are equilibrium constants; ⌬ D is the amount CaX D increases after an action potential and D is the decay constant of CaX D ; n(t) is average readily releasable vesicle pool size and n T is its initial (maximum) value; ␣(t) is the average vesicular release probability, which is calcium dependent and determined by calcium-bound molecule CaX F . ␣ 1 is the initial average vesicle release probability of an individual synapse. K F is the dissociation parameter of CaX F . ⌬ F is an increase in CaX F after an action potential and F is the decay constant; R is the refilling rate of the readily releasable pool. Details of the model derivation can be found in our previous paper (Sun et al., 2005) . To simulate data obtained from EGFP-expressing SOM interneurons (Fig. 6 ) the original model was modified to incorporate the effect of kainate receptor activation to increase release. Although the exact mechanism by which presynaptic kainate receptors increase release is not known, we have incorporated this effect into the model as an increase in the release probability per vesicle, caused by calcium binding to a molecule CaX KAR , similar to the calcium bound molecule CaX F that causes facilitation. An additional term is added to the equation for ␣(t), resulting in the following: The paired-pulse ratio and five-pulse ratio can be computed by using the above equation group (Sun et al., 2005) . There are 15 parameters in the model. Ten of them are constant for all synapses onto different cell types; the values of these parameters are given in Table 2 . Five parameters are variables for synapses onto different cell types; their values are given in Table 1 .
In the present study, all mathematical calculations were performed using Mathematica software (fourth edition, Wolfram Media, Champaign, IL).
